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摘  要：采用反相微乳液法，以水/曲拉通 X–100/正己醇/(环己烷＋正己烷)为微乳体系，铝(Al)、钇(Y)和(Ce)的硝酸盐和氯化物作为起始反应物，氨
水作为沉淀剂，成功制备了纳米球形铈掺杂钇铝石榴石(cerium doped yttrium aluminum garnet，YAG:Ce3+)荧光粉。实验表明：单相 YAG 可以在 800 ℃
合成，比固相反应法合成温度(1 500 )℃ 大幅度降低。用失重–差热分析仪、Fourier 变换红外光谱仪、X 射线衍射仪、透射电镜、荧光分光光度计等对
粉体特性进行了表征。结果表明：粉体颗粒粒径约为 50 nm，粒度分布均匀，球形度好，分散性好，粉体的激发光谱为双峰结构，主激发波长为 469 nm，
发射波长为 532 nm，适用于白光发光二极管。 
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Abstract: Spherical nanopowder of cerium doped yttrium aluminum garnet (YAG:Ce3+) was prepared by the microemulsion method 
in a water/Triton X–100/hexanol/(cyclohexan+n-hexane) system. Aluminum (Al), yttrium (Y) and cerium (Ce) chloride and nitrates 
were used as starting materials, and ammonia was used as a precipitating agent. The YAG:Ce3+ nanopowder was prepared successfully. 
Experimental results indicate that the pure YAG phase is synthesized at the temperature of 800 ℃, which is lower than that by 
solid-state method (over 1 500 ). The properties of the YAG℃ :Ce3+ nanopowder was characterized by thermogravimetric–differential 
scanning calorimetry, Fourier transform infrared spectroscopy, X-ray diffractometer, transmission electron microscope, and photolu-
minescence spectroscopy. The results show that the YAG:Ce3+ nanopowder consist of fairly uniform, spherical particles. The particle 
size is distributed uniformly at 50 nm. The excitation spectra show two peaks, with the major one at 469 nm. The emission spectra 
peak is at 532 nm, indicating that phosphor is qualified for use in white light emitting diode 
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Yttrium aluminum garnet (Y3Al5O12, YAG) has many 
applications due to its optical and mechanical properties. 
Moreover, most of the material for applications is doped 
with small amounts of impurity ions such as Eu, Ce, Sm, 
Tb, and Cr to be substituted into the dodecahedral site of 
the YAG lattices to confer different kinds of lumines-
cence properties.[1–2] Cerium doped yttrium aluminum 
garnet (YAG:Ce3+) phosphor is used in most white light 
emitting diodes (WLEDs). The broad emission band from 
the 4f to 5d levels extends from 500 nm to 650 nm excited 
by a blue light diode. 
The synthesis of the YAG:Ce3+ nanopowder is the 
current subject of several studies. Although the YAG 
powder can easily be formed by the traditional solid state 
method, it needs to be calcined at a high temperature and 
it must age for a long time before the solid state reaction 
can be completed. As a result, the particles are non-  
homogeneous and large in size, and have an irregular 
shape, which is not beneficial for the powder’s lumines-
cence properties. In addition to the traditional solid state 
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method, a number of synthesis methods have been sug-
gested with preference for soft, low-temperature chemi-
cal routes such as the sol–gel method, polyacrylamide gel 
method, precipitation method and spray-pyrolysis syn-
thesis, because these allow superior control of the pow-
der’s purity, homogeneity and physical properties.[3–10] 
To obtain the YAG:Ce3+ nanopowder, the hydroxide pre-
cursor must be annealed at high temperature (900–1 200 
℃). The thermal treatment can induce grain growth 
and/or cluster aggregation; therefore, it is a determining 
step for the crystalline structure of the material, but it 
also significantly influences the nanoparticles’size and 
their aggregation. 
The production technique for high-quality YAG:Ce3+ 
nanopowder, however, is still subject to intense studies 
since the optical properties of nanocrystals are strongly 
dependent on the doping amount, size, morphology, and 
synthesis conditions. Therefore, it is desirable to improve 
the existing methods and to search for new ones to pro-
duce nanoparticles with the desired size, morphology, 
structural characteristics and physical properties. 
The synthesis of nanoparticles by microemulsion 
method has been widely reported in the literature. Among 
the various systems, water in oil ratio in mass 
(w(water)/w(oil)) microemulsion has aroused the interest 
of researchers.[11–13] w(water)/w(oil) microemulsion has 
been used for the synthesis of a wide variety of nanopar-
ticles, such as metals, alloys, sulfides, and other kinds of 
materials.[12,14–18] However, there have not yet been any 
reports of YAG:Ce3+ nanopowder synthesis by this method. 
In the present work, we synthesized YAG:Ce3+ phos-
phor nanopowder by microemulsion method. The water 
pools of the system can be seen as nano reactors, and the 
precipitation reactions take place in these confined spaces. 
Pure YAG phase can be obtained at 800 ℃, and the re-
search shows that the YAG:Ce3+ phosphor nanopowders 
are discrete, fairly uniform, well crystallized and consist 
of spherical particles after 900 ℃ calcination. Moreover, 
the luminescence properties of the YAG:Ce3+ phosphor 
nanopowders were studied. 
1  Experimental procedure 
1.1  Materials 
Y(NO3)3·6H2O (Shanghai, analytical reagent, AR), 
AlCl3·6H2O (Shanghai, AR) and Ce(NO3)3·6H2O (Beijing, 
AR) were the sources of Y3+, Al3+ and Ce3+, respectively. 
Ammonia solution (Beijing, AR), Triton X–100 (Beijing, 
chemical pure, CP), hexanol (Beijing, AR), cyclohexan 
(Beijing, AR), n-hexane (Beijing, AR), and deionized 
distilled water (made by the Department of Materials 
Science and Engineering of Tsinghua University) were 
used as received. 
1.2  The YAG:Ce3+ nanopowder preparation 
Stoichiometric amounts of yttrium nitrate hexahydrate, 
aluminum chloride hexahydrate and cerium nitrate hexa-
hydrate, were dissolved in deionized-distilled water in a 
crucible. The ratios of n(Y)/n(Al)/n(Ce) were set as 
(3–x)/5/x (x=0.04–0.1) according to Y3–xAl5O12:xCe3+. 
The concentration of all cations of the aqueous solution 
was 0.64 mol/L (reactant solution), whereas the ammonia 
solution was diluted with deionized-distilled water to 2.5 
mol/L (precipitant solution). 
Two water/Triton X–100/hexanol/(cyclohexan+n-hexane) 
microemulsions, A and B, differing only in the aqueous 
phase, were prepared. The aqueous phase of microemul-
sion A was the reactant solution, whereas the aqueous 
phase of microemulsion B was the precipitant solution. 
The composition of the four-component microemulsion is 
defined by the water/surfactant (Triton X–100) molar 
ratio, R, and the cosurfactant (hexanol)/surfactant molar 
ratio, P (R=39.9, and P=3.7). 
Microemulsion B was added dropwise to microemul-
sion A maintained under constant stirring at room tem-
perature until a pH value of 8 was reached. A white hue sol 
was instantaneously observed, indicating the formation of 
hydroxides. Complete precipitation occurred in 12 h. The 
mixed cerium–yttrium–aluminum hydroxide precipitate 
was filtered and repeatedly washed with water to remove 
residual ammonia, chloride ions, nitrate ions, and surfac-
tant molecules. Finally the precipitate was washed with 
ethanol to facilitate the drying process. The obtained white 
precipitate was oven dried at 60 ℃, the residual carbon 
was eliminated and the sample was calcined at 700–900 ℃ 
for 2 h under mild reducing atmosphere. 
1.3  Characterization 
The thermal analysis of the as-prepared powder was 
carried out using a NETZSCH STA 409 PC thermogra-
vimetric–differential scanning calorimeter (TG–DSC) with 
a heating rate of 10 ℃/min. A Fourier transform infrared 
spectroscope (FTIR, PE Spectrum GX, IR) was used to 
measure the sample powder with the KBr pellet technique. 
The crystallinity of the samples was examined with a Ri-
gaku D/max– B (Cu KⅢ α) X-ray diffractometer (XRD). 
The morphological features of the particles were observed 
with a JEOL JEM–1200EX transmission electron micro-
scope (TEM). The excitation and emission spectra were 
obtained on a Hitachi F–4500 spectrofluorimeter. 
2  Results and discussion 
2.1  The technology process of eliminating carbon 
from as-prepared powder 
Figure 1 presents the TG–DSC curves of the precursor 
powders with a heating rate of 10 ℃/ min up to 600 ℃. 
There are two endothermic peaks in the range of 50–220 
℃. Meanwhile, the mass loss in TG is 25%. The early 
endothermic mass loss step can be attributed to the dehy-
dration of aluminum monohydrate and trihydrates and of 
yttrium hydroxides and part of the organic compound  
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Fig.1  DSC–TG curves of precursor powder 
 
(hexanol, cyclohexan, and n-hexane) is volatilized. A 
sharp exothermic peak appeared at 240 ℃, associated 
with a steep mass loss in TG of about 20%. This could be 
due, mostly, to the combustion of Triton X–100. The fol-
lowing exothermic mass-loss step in the range of 300– 
500 ℃ is assignable, most probably, to an oxidative re-
moval of organic moieties (e.g., sticking surfactant spe-
cies), the decomposed precipitate and the lost crystal wa-
ter. In the high temperature range (500–600 ℃), the 
curve represents a mass-invariant exothermic process, 
which may indicate that the residual organic moieties and 
water of crystallization in the sample powder had already 
been removed completely. 
Many organics remained among the precursor pow-
ders made by the microemulsion method. In the microe-
mulsion system, the precipitation reaction occurred in the 
water phase also, and the precipitate particle remained in 
the water pool, when the particle grew, in addition to the 
physisorbed water molecules, surfactant and other organics 
could also be absorbed by it. Although the precursor 
powders were washed many times, some of residual or-
ganics were still on them. 
The residual organics could leave carbon in the sam-
ple during the subsequent heat treatment process. Since 
carbon is a fluorescence quencher and can disable the 
luminescence of phosphor, carbon produced by residual 
organics should be removed before the calcination process. 
According to Fig.1, the technique process of elimina- 
ting carbon from precursor powders involves heating the 
precursor to 550 ℃ with a heating rate of 5 ℃/ min and a 
2 h soaking time at the maximum temperature. 
Figure 2 shows the evolution of the IR spectra ob-
tained for the powders before and after the C removal 
process. The peaks at about wave numbers 830, 1 043,  
1 765 cm–1and 3 034 cm–1 represent the characteristics of 
ν ((C=)C—H) vibrations, which belong to Triton X–100, 
which are not present in curve 2. This proves that the 
residual Triton X–100 had been removed. The peaks at  
 
Fig.2  IR spectra of powders 
1—Precursor; 2—After carbon removing. 
 
about 1 630 cm–1and 3 437cm–1 are due to the ν (O—H) 
vibrations of H2O and can be seen in both spectra. These 
peaks of curve 2 are stronger than those of curve 1. We 
deduced that after being heated at 550 ℃, part of the 
precipitates decomposed to oxides, and some kind of 
internal association between the oxides and the hydro- 
xides contributed to the vibration intensity of curve 2. 
The peaks at about 585 cm–1, and between 601 cm–1and 
900 cm–1 are due to the inorganic structure. Curve 2 has a 
stronger and wider peak than that indicated by curve 1. 
After annealing at 550 ℃, the portion of inorganics in-
creased and part of the precipitates decomposed to oxides. 
The peaks at about 1 384 cm–1 and 1 358 cm–1 are due to 
the asymmetric stretching vibration and the symmetric 
stretching vibration of the 3NO
−  group, respectively. It can 
be seen that most of the 3NO
−  has been removed in curve 2. 
From all these results, we can deduce that the organics 
decomposed completely after the C removal process, and 
the phosphor luminescence could not be quenched by 
carbon. 
During the carbon removal process, if the precipitate 
precursor was annealed at a lower temperature, part of the 
residue of the organics would remain in the sample, which 
would be carbonized during the following calcination 
process, and the carbon could not be removed unless cal-
cined at over 2 000 ℃, whereas the YAG phase purity 
could not be kept at 1 850 ℃ according to the phase dia-
gram. If the precipitate precursor was annealed at a higher 
temperature, Ce3+ might be oxidized and luminescence of 
phosphor would be decreased. According to these results, 
the annealing temperature should be set at 550 ℃. 
2.2  YAG phase evolution and mechanism 
Figure 3 shows the TG–DSC curves of the precursor 
after the carbon removal process. A distinct exotherm at 
about 920 ℃ was observed, which is associated with the 
crystallization of yttrium aluminates, as previously pro-
posed by Yamaguchi et al.[19] 
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Fig.3  TG–DSC curves of precursor powder heated at 550 ℃  
for 2 h 
 
Considering the delay effect of the differential scan 
calorimetry analysis, we inferred that the crystallization 
of yttrium aluminates began long before 920 ℃. This 
conclusion was also confirmed by the XRD results, as 
described below. 
A different phase evolution was observed as a function 
of the synthesis temperature, as shown by a systematic 
investigation performed by the XRD on the powders after 
the carbon removal process with calcination at different 
temperatures (chosen on the grounds of the above 
TG–DSC curves) under mild reducing atmosphere. 
Figure 4 shows the XRD patterns of the as-synthesized 
precursors after calcination at 700, 800 ℃ and 900  ℃ 
with a heating and cooling rate of 5 ℃/min and 2 h 
soaking time at the maximum temperature. 
 
Fig.4  XRD patterns of as-prepared powders after carbon  
removal calcined at various temperatures for 2 h 
The phase evolution clearly appears to depend closely 
on the powder synthesis temperature. In fact, the XRD 
results reveal that the as-synthesized powders were amor-
phous and the crystallization of the amorphous precursors 
began at 700 ℃. After treatment at 800 ℃, all the diffrac-
tion peaks coincide with the cubic garnet structure of the 
YAG phase, and no other crystalline phase could be de-
tected, such as monoclinic (YAM) or perovskite (YAP). No 
differences for the formation of the crystalline YAG phase 
could be observed in the sample doped with Ce3+, indi-
cating that some sites of the Y3+ could be replaced by the 
Ce3+ based on their identical valence and similar radius. 
This crystallization temperature corresponds well with the 
TG–DSC curves. The XRD patterns showed far more in-
tense peaks of the YAG phase at 900 ℃, which indicated 
remarkable crystallinity and well developed crystal. 
The as-synthesized precursors made by microemulsion 
method exhibited high reaction activity, which could be 
transformed to YAG phase directly from the amorphous 
phase at a lower temperature (800 ℃, opposite of the 
high temperature of 1 500 ℃ by solid state method), and 
by-products such as YAM and YAP could not emerge. 
Thus, high purity YAG nanopowder could be obtained at 
lower temperatures by microemulsion method. 
The average crystallite size was determined from the 
powder diffraction data, and the obtained value was 43 
nm (according to the Scherrer formula) for sample cal-
cined at 900 ℃. 
Figure 5 shows the TEM micrograph of the YAG:Ce3+ 
powder calcined at 900 ℃. The micrograph clearly indi-
cated that the crystallites are remarkably less agglomerated 
compared to that of other literature.[20–22] The crystallites 
are discrete, fairly uniform and spherical particles. The 
particle size was distributed uniformly at 50 nm, which 
agrees well with the XRD results. 
In the microemulsion system, the precipitation reac-
tion occurred in the nano-reactor water pools. Because of 
the limited size of the water pools, they control the size, 
appearance and polydispersity of the nanoparticles. Even-
tually, spherical nanopowders of the YAG:Ce3+ phosphor 
could be obtained. 
 
 
Fig.5  TEM micrograph of the YAG:Ce3+ phosphor powders 
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Figure 6 shows the IR spectrum of the products after 
calcination at 900 ℃. The spectrum shows that the peaks 
over wave number 900 cm–1 had all vanished, which re-
flects the characteristics of the vibrations of organic 
chemical bonds. The peaks at about 1 631 cm–1and 3 444 
cm–1 are due to the ν(O—H) vibrations of H2O. The 
peaks at about 789 cm–1and 690 cm–1 reflect the charac-
teristics of ν(Al—O) metal–oxygen vibrations, while the 
peaks at about 723, 568 cm–1 and 431 cm–1 reflect the 
characteristics of ν(Y—O) metal–oxygen vibrations.[23–24] 
These characteristic peaks indicate high intensity. These 
results indicate the decomposition and disappearance of 
starting organics and the appearance and more intense 
peaks of the YAG fingerprints are in agreement with the 
thermal analysis and XRD patterns as described above. 
 
Fig.6  IR spectrum of powder calcined at 900  for 2℃  h 
 
According to Fig.5, a certain tendency to agglomerate 
between the very fine spherical nanoparticles can be seen. 
This indicates that the crystallite size increases with the 
increase of calcination temperature, which results in se-
vere agglomeration between the particles; meanwhile, the 
luminescence of phosphor decreases because of the 
damage to the very fine sphericity of the crystal grains. 
According to the experiments and analyses above, 900 
℃  is the appropriate temperature to synthesize the 
YAG:Ce3+ spherical nanopowders. 
2.3  Photoluminescence 
The excitation and emission spectrum of nanopowder 
are illustrated in Figs.7 and 8, respectively. Trivalent Ce 
ions have only one electron in the 4f state. The ground 
state of Ce3+ is split into 2F7/2 and 2F5/2 with an energy 
difference of about 2 200 cm–1. The next higher state 
originates from the 5d state and 4f–5d transitions are al-
lowed by parity and span.[25–26] The 5d state is split by the 
crystal field and, hence, there are two Ce3+ absorption 
bands in the excitation spectrum located at 340 nm and 
469 nm (see Fig.7). This is because Ce3+ occupies the 
octahedral site of the strong crystal field of O2– in the 
YAG host crystal. The 5d level of Ce3+ populated by the 
transition occurring at 340 nm is just below the YAG 
 
Fig.7  Excitation spectrum of the YAG:Ce3+ 
 
Fig.8  Emission spectrum of the YAG:Ce3+ 
 
conduction band and will be quenched to some extent at 
room temperature. The excitation band covering 400–500 
nm is the most intense band and provides a strong basis 
for the use of this nanophosphor in GaN-based blue LED 
for white light generation. The emission of commercially 
available blue LEDs is in the range of 400 to 480 nm. 
This is a perfect match with the excitation band of the 
YAG:Ce3+, as mentioned above. In the emission spectrum, 
the band located between 500 nm and 700 nm (see Fig.8) 
is an ideal yellow light, complementary to the blue light 
emitted by blue LEDs to generate white light. 
Figure 9 shows the effects of Ce3+ concentration in the 
YAG nanophosphors. This forms the basis of our study to 
determine the optimal Ce3+ concentration. When x=0.06, 
a maximum PL intensity was obtained at 532 nm for the 
Y3–xAl5O12:xCe3+. When x<0.06, high cerium content 
reduced the distance between the luminescent centers, 
and that increased the intensity of emission. When the 
Ce3+ amount was increased beyond the limit of x=0.06, 
a concentration quenching effect was observed be-
cause of the increase of intra ionic nonradiative re-
laxation between adjacent Ce3+. According to the 
above discussion, the optimal Ce3+ concentration for 
the Y3–xAl5O12:xCe3+ is x=0.06. 
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Fig.9  Emission spectra of the Y3–xAl5O12:xCe3+ 
 
3  Conclusions 
(1) The YAG:Ce3+ nanopowder was synthesized suc-
cessfully by microemulsion method in a water/Triton 
X–100/hexanol/(cyclohexan+n-hexane) system. The crys- 
tallites synthesized YAG:Ce3+ spherical phosphor nano- 
powders were discrete, fairly uniform, and had a good 
spherical shape, with an average diameter of 50 nm. 
(2) The prepared nanophosphors were a perfect match 
with blue LEDs. In the emission spectrum, the band lo-
cated at 532 nm is complementary to the blue light emit-
ted by blue LEDs to generate white light. 
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